The need for sophisticated irrigation strategies in fruit tree orchards has led to an increasing interest in reliable and robust sensor technology that allows automatic and continuous recording of the water stress of trees under field conditions. In this work we have evaluated the potential of the leaf patch clamp pressure (LPCP) probe for monitoring water stress in a 4-year-old 'Arbequina' hedgerow olive orchard with 1667 trees ha −1 . The leaf patch output pressure (P p ) measured by the LPCP probe is inversely correlated with the leaf turgor pressure (>50 kPa). Measurements of P p were made over the entire irrigation season of 2010 (April to November) on control trees, irrigated up to 100% of the crop water needs (ET c ), and on trees under two regulated deficit irrigation (RDI) strategies. The 60RDI trees received 59.2% of ET c and the 30RDI trees received 29.4% of ET c . In the case of the RDI trees the irrigation amounts were particularly low during July and August, when the trees are less sensitive to water stress. At severe water stress levels (values of stem water potential dropped below ca. −1.70 MPa; turgor pressure < 50 kPa) half-inversed or completely inversed diurnal P p curves were observed. Reason for these phenomena is the accumulation of air in the leaves. These phenomena were reversible. Normal diurnal P p profiles were recorded within a few days after rewatering, the number depending on the level of water stress previously reached. This indicates re-establishment of turgescence of the leaf cells. Crucial information about severe water stress was derived from the inversed diurnal P p curves. In addition P p values measured on representative trees of all treatments were compared with balancing pressure (P b ) values recorded with a pressure chamber on leaves taken from the same trees or neighbored trees exposed to the same irrigation strategies. Concomitant diurnal P b measurements were performed in June and September, i.e. before and after the period of great water stress subjected to RDI trees. Results showed close relationships between P p and P b , suggesting that the pressure chamber measures relative turgor pressure changes as the LPCP probe. Therefore the probe seems to be an advantageous alternative to the pressure chamber for monitoring tree water status in hedgerow olive tree orchards.
Introduction
The application of deficit irrigation (DI) strategies in fruit tree orchards requires reliable monitoring of plant water stress in realtime. This is particularly important for hedgerow olive orchards which require reduced water supplies both for control vigour and improve oil quality. A considerable effort has been made in the last decades for developing water stress indicators being suitable for commercial orchards. Requirements were described by Goldhamer and Fereres (2004) , Gallardo et al. (2006) , Naor (2006) and others. Most of the suggested indicators for plant water stress rely on plantbased measurements, such as plant water potential (Jones, 2004; Naor, 2006) , trunk diameter (Fernández and Cuevas, 2010; Ortuño et al., 2010) , sap flow (Fernández et al., 2008) , stem electrical conductivity (Nadler et al., 2008) and electrical potential differences between plant tissues (Oyarce and Gurovich, 2010) .
The recently developed leaf patch clamp pressure (LPCP) probe provides information about the relative changes in turgor pressure (P c ) of the monitored plant at P c > 50 kPa. Theory shows (Zimmermann et al., 2008) that the output pressure (P p ) sensed by the probe is inversely proportional to P c . Below a turgor pressure of ca. 50 kPa P p yields valuable information about the interplay of air and water supply of the leaves (Ehrenberger et al., unpublished results) . The probe is non-invasive and capable of operating automatically and continuously under field conditions. Probe signals are sent by mobile network to an internet server, where the data are stored and visualized in terms of graphics or tables in real-time. Export functions allow takeover of the data in personal evaluation software (Zimmermann et al., 2008) .
The probe has already been tested on a variety of forest tree species (Rüger et al., 2010a) as well as on grapevine (Westhoff et al., 2009) , grapefruit (Rüger et al., 2010b) , banana and olive trees (Ben-Gal et al., 2010) . These pieces of work have shown that the probe is a robust, relatively inexpensive, non-destructive, continuously measuring instrument that operates quite reliably under field conditions for long periods of time. The pressure chamber (Scholander et al., 1965 ) is also relatively inexpensive and requires little training; this is the deciding reason why it is currently used for monitoring the plant water status in fruit orchards. However, it has an utterly destructive impact on the plants and is furthermore non-adaptable for continuous, automatic readings. The pressure chamber measures the balancing pressure, P b , i.e. the external pressure at which water appears at the cut end of a leaf or twig kept at atmosphere. Values of P b are usually in the MPa range, while P p values range between ca. 5 kPa to ca. 200 kPa. Comparative studies to evaluate the potential of the LPCP probe versus that of the pressure chamber for monitoring plant water status have been made by Westhoff et al. (2009) for grapevines, by Rüger et al. (2010a) for eucalyptus, avocado, grapefruit, beech and oak, and by Ben-Gal et al. (2010) for olive. These studies suggest that the LPCP probe has a great potential to be used as a suitable indicator of water stress in vineyards and fruit tree orchards. Ben-Gal et al. (2010) worked with 'Barnea' olive trees grown in confined lysimeters and exposed to mild drought for a few days only. The aim of this work was to assess whether the LPCP probe can be a suitable alternative to the pressure chamber to monitor plant water status in a commercial hedgerow 'Arbequina' olive tree orchard under different irrigation treatments. In addition to the cultivar and the crop management system, main differences between this work and that by Ben-Gal et al. (2010) are that we tested the LPCP probes in field grown olive trees for the whole irrigation season, which lasted ca. 5 months, and for a broad range of water stress.
Materials and methods

Orchard characteristics and water treatments
The experiments were made in 2010, in a hedgerow olive orchard with 4-year-old 'Arbequina' trees. The orchard is located at 25 km to the west of Seville (37 • 14 N, −5 • 80 W). The tree rows were oriented north to south. Spacing between the rows was 4 m and between the trees 1.5 m (1667 trees ha −1 ). The trees were, on average, 2.40 m tall and 2.12 m wide. The trees had a single trunk with main branches at 0.6-0.7 m height above ground. At the end of July the average trunk diameter was 48 ± 2 mm (n = 20) at 0.3 m height above the soil. The average leaf area of the control trees (see below) was close to 9 m 2 tree −1 . The soil was kept free of weeds by use of herbicides. The soil profile was homogenous in texture until a depth of ca. 0.6 m, with average textural values of 77.7% sand, 2.2% silt and 20.1% clay. For this soil layer, the hydraulic conductivity in the soil range near saturation (K sat ) was 40.7 ± 1.21 cm day −1 (average ± standard deviation, n = 6). Average textural values for the 0.6-1.0 m soil layer were 60.9% sand, 37.1% clay and 2.0% silt. This was a hardpan of low hydraulic conductance (K sat = 3.54 ± 1.09 cm day −1 ), in which very few roots were found. Volumetric soil water (Â v ) contents in the top soil layer were 0.181 m 3 m −3 for field capacity (soil matric potential: « m = −0.03 MPa) and 0.089 m 3 m −3 for the wilting point (« m = −1.5 MPa). The climate of the area is Mediterranean characterized by a mild, wet season from October to April and a hot, dry season from May to September. Yearly average values of potential evapotranspiration (ET o ) and precipitation (P) in the area are 1551.8 mm and 509.8 mm, respectively (period 2002-2009) .
From June 18, day of year (DOY) 169 to November 2 (DOY 306), two regulated deficit irrigation (RDI) treatments were imposed on the orchard. The 60RDI and the 30RDI treatments were scaled to a total irrigation amount (IA) of 60% and 30%, respectively, of the crop evapotranspiration (ET c ) demand. We used a randomized block design with four 12 m × 16 m plots per treatment. Each plot contained 8 central trees surrounded by 24 border trees. All measurements were made in the central trees. In addition there was one plot in which the trees were daily irrigated to supply the plants with 100% of the crop evapotranspiration demand (control plot). The irrigation system consisted of a lateral dripper line per tree row equipped with a 2 L h −1 dripper every 0.5 m. We used the crop coefficient approach (Allen et al., 1998) to determine daily values of ET c = K c K r ET o , where K c is the crop coefficient and K r a coefficient related to the percentage of ground covered by the crop. We used the K c values determined by Fernández et al. (2006) for an orchard located in the same region which was characterized by a slightly greater canopy volume than that of the present orchard (0.76 in May; 0.70 in June; 0.63 in July and August; 0.72 in September; 0.77 in October; 1.07 in November). The K r value (0.75) was calculated according to Fereres and Castel (1981) . Daily FAO-56 Penman-Monteith ET o values were collected from a nearby weather station belonging to the Agroclimatic Information Network of the Junta of Andalusia. The time courses of ET o and ET c for the irrigation season are shown in Fig. 1A . The IAs supplied to each treatment and the collected precipitation amounts are given in Fig. 1B . Fertilizers were injected into the irrigation system once a week throughout the irrigation season. All treatments received the same amounts of fertilizers, which were adjusted to the tree requirements at each fruit growing phase.
Field measurements
On April 26, one tree per plot out of three plots of each RDI treatment was instrumented with two LPCP probes (so-called ZIM probes supplied by ZIM Plant Technology GmbH, Hennigsdorf, Germany). Probes were clamped on leaves of the east and west side of the canopy at about 1.5 m above ground. The clamping was made as recommended by Zimmermann et al. (2010) and others, i.e. soon after dawn at maximum leaf turgescence. The P p output pressure signals were adjusted between 10 and 25 kPa by appropriate changing of the distance between the two magnets. The probes were clamped between the central nerve and the edge of the leaves in order to establish a uniform contact with the leaf tissue. The magnet containing the pressure sensor was placed on the abaxial side of the leaves. In the control plot, we instrumented one representative tree with probes. The output pressure signals of the probes were sent wireless every 5 min via a transmitter (connected by cable to up to three probes) to a control base station, which logged and transferred the data to a GPRS (General Packet Radio Service) modem linked to an internet server of the company ZIM Plant Technology GmbH. This enabled remote control of the experiments by any computer connected to the internet. The system was powered by solar photovoltaic units. The 14 probes operated automatically and continuously without data loss during ca. five months. Leaf movements caused by strong wind or applications of phytosanitary products, even if performed with high-pressure spraying machines, did not affect the contact between the probes and the leaves. Leaf rolling did also not result in a loss of probe contact. Rain and dust accumulation did not disturb the probes either. Some of the probes placed on outside leaves were accidentally removed by machinery traffic in the orchard because of the magnetic nature of the probes. In these cases probes were re-clamped on leaves located inside of the canopy, i.e. sufficiently far away from the traffic in the orchard.
The time course of the water status of the trees was also monitored by measuring the leaf water potential at predawn (« pd ) and the midday stem water potential (« stem ), once every two weeks during the whole irrigation season. Measurements were made with a Scholander-type pressure chamber (PMS Instrument Company, Albany, Oregon, USA). For the RDI treatments we sampled one leaf per tree from two representative trees per plot (n = 8). In the control plot we sampled two leaves per tree from four trees in order to have the same number of replicates. For « pd we sampled the 4th or 5th leaf apart from the apex of peripheral twigs at about 1.5-1.9 m height above the ground. For « stem we sampled leaves from the inner part of the canopy. The leaves were wrapped in aluminum foil ca. 2 h before the measurements. Comparative measurements of P p and P b were performed on June 23 and 24 as well as on September 9, i.e. before and after the period of severe water restrictions suffered by the RDI trees at midsummer. At these days, we measured leaf water potential (« l ) of each treatment every hour taking at least 8 replicates from dawn to sunset. Leaves were sampled as described for « pd following the path of the sun.
For each plot profiles of Â v were measured 1-2 times per week using a Profile probe (Delta-T Devices Ltd, Cambridge, UK). The Profile probe was calibrated in situ, by comparing the soil permittivity (έ) values derived from the Profile probe readings with Â v values measured with TDR probes. The resulting calibration curve was (έ) 0.5 = 2.177 + 6.66 Â v , r 2 = 0.72. At the plots which were subjected to the RDI treatments we installed two access tubes per plot, in a distance of 0.5 m from the tree trunk and of 0.01 m and 0.04 m, respectively, from the dripper. In the control plot we placed six access tubes, three at a distance of 0.01 m and three at a distance of 0.04 m from the dripper. Measurements in each access tube were made at 0.1, 0.2, 0.3, 0.4, 0.6 and 1.0 m depths. The Â v values in the rootzone, i.e. down to 0.6 m, were used to derive (according to Granier, 1987) a depth equivalent of water expressed as the level of relative extractable water (REW) (Fig. 1C) . Thirty minute average values of the main meteorological variables were recorded by a Campbell weather station (Campbell Scientific Ltd., Shepshed, UK) located in the centre of the area covered by the experimental plots. We used a pole for installing all meteorological sensors between 2 m and 3 m height above the canopies.
Statistical analysis
Data is given as mean ± standard error. For the water potential measurements we made an analysis of variance (ANOVA; separation of means with the Tukey's test; statistically significant differences at P < 0.05; SigmaPlot 11.0, Systat Software, Inc., USA).
Results
Irrigation management, soil and plant water status
As common for the region the highest ET o values during the irrigation season were recorded from June to early September, except for some rainy days (Fig. 1B) . Decreasing ET o values were recorded from the beginning of September onwards throughout autumn. The irrigation season ended at the beginning of October after the rainfall events on DOYs 283 and 284. The total supplied IAs (Fig. 1B) were 100.6% of ET c for the control trees, 59.2% of ET c for the 60RDI trees and 29.4% for the 30RDI trees. The IAs supplied in the three treatments matched the crop water requirements from DOY 145 to 151. This was at the beginning of the pit hardening period, when the trees are considered to be sensitive to water stress because of active cellular division in the fruits. From DOY 152 to 173, the 60RDI trees were irrigated daily, but with 70-80% of ET c . From DOY 174 to 235, a period in which olive trees are tolerant to drought, the 60RDI trees were irrigated only twice a week with IAs of ca. 70% of ET c . From DOY 236 to 284, the 60RDI trees were irrigated again as the control trees. This is a period of active fruit growth and oil accumulation in which water stress may reduce yield. The 30RDI trees were irrigated with 50-60% of ET c from DOY 152 to 173. Between DOY 174 and DOY 235, they were irrigated once a week with IAs of ca. 70% of ET c . From DOY 236 to 284, the 30RDI trees were irrigated twice a week with ca. 100% of ET c . In the control plot, REW values were between 0.7 and 1.0 for most of the time during the irrigation season (Fig. 1C ). In the RDI plots, REW values decreased markedly from DOY 174 onwards, when the irrigation frequency was reduced, and increased again after DOY 236 upon irrigation. By contrast to the 30RDI trees, the 60RDI trees reached almost within ca. 10 days after DOY 236 the REW values of the corresponding values of the control trees.
Water supplied by irrigation was sufficient to keep relatively mild water stress in the control trees throughout the season (Fig. 2) . Thus, between June and September values of « pd and « stem in the control trees remained practically constant (« pd = −0.46 ± 0.02 MPa and « stem = −1.32 ± 0.04 MPa). The fact that the « pd values were usually greater than −0.5 MPa ( Fig. 2A ) agrees with the threshold value for satisfactory water recovery of the olive tree during the night reported by Dettori (1987) and Fernández et al. (1997) . The « stem values in the control trees were usually greater than −1.4 MPa ( threshold value for water stress in olive trees exhibiting heavy fruit load (A. Moriana, University of Sevilla, personal communication). By contrast to the control trees, the « pd and « stem values of the 60RDI trees decreased continuously from DOY 196 onwards to reach a minimum value around DOY 220 (« pd = −1.57 ± 0.12 MPa and « stem = −3.58 ± 0.37 MPa). After the increase of irrigation from late August (DOY 236) onwards, both « pd and « stem values of the 60RDI trees became similar or close to those recorded in the control trees. The 30RDI trees exhibited a similar trend with progressing season, except that the decrease of the « pd and « stem values occurred earlier (on DOY 178) and that the minimum values around DOY 220 were more negative (« pd = −2.58 ± 0.26 MPa and « stem = −4.71 ± 0.38 MPa) than the corresponding values of the 60RDI trees (Fig. 2 ). This agreed with the lowest soil water availability recorded in the 30RDI treatment (Fig. 1C ). Neither « pd nor « stem recovered fully in the 30RDI trees upon the increase of irrigation after DOY 236. This was expected since the supplied IAs were not sufficient to meet the crop water demands. Fruit shriveling was first observed on the 30RDI trees in mid July around DOY 195 together with leaf rolling and reductions in the angle of the leaves with the stem. As reported by Schwabe and Lionakis (1996) , these symptoms reduce radiation interception by olive trees during drought. The same symptoms occurred first on the 60RDI trees one week later although they were less pronounced than on the 30RDI trees. At DOY 222 all 30RDI trees showed these symptoms, while they were observed only in some of the 60 RDI trees. In the 30RDI trees the symptoms were visible until mid September, i.e. throughout the period during which the trees suffered from severe water stress (Fig. 2) . Between DOYs 257 and 263 the 30RDI trees received 68.1 L tree −1 (Fig. 1B) , which led to the disappearance of the symptoms in most of these trees. In the 60RDI trees, the symptoms disappeared soon after the increase of IA from DOY 236 onwards.
P p time courses
Part of the long-term P p measurements recorded on the east side of one single tree per treatment is depicted in Fig. 3 . In this figure we refer to states I to III, explained in detail by Ehrenberger et al. (unpublished results) . Basically, state I refers to P c values larger than 50 kPa, i.e. the leaf is in a turgescent state characterized by a reciprocal dependency of P p on turgor pressure P c , i.e. P p = f (1/P c ). State III is reached when P c 50 kPa, i.e. the leaf is significantly dehydrated; large amounts of air are accumulated in the leaf tissue. State III is characterized by inverse diurnal P p curves because of the attenuation of the externally applied magnetic pressure by air. In this case P p assumes minimum values at noon and maximum values during the night. State II represents an intermediate state between states I and III characterized by half-inversed P p curves. The other probes clamped on the east side of the control, the 60RDI and 30RDI trees showed, in principle, qualitatively and quantitatively similar P p changes in dependency on water stress over the summer time as shown in Fig. 3 . Dates, on which transitions of the P p curves from state I to state II or to state III and vice versa occurred, however varied to some degree as expected in the light of the physiological variance of the leaves. Therefore, the data of the diurnal changes of P p over the entire season were not pooled.
The peak P p values at noon of the control trees increased by ca. 45% from 65 kPa at mid June to 80 kPa at the beginning of July and remained on this fairly high level throughout July and August ( Fig. 3A-C) indicating an increased daily turgor pressure loss during the summer months. Leaves were during summer time in state I characterized by a reciprocal dependency of P p on turgor pressure P c . At the beginning of September the amplitude of the peak P p values at noon dropped to values that were well below those of June, but nearly identical to those measured in May (data not shown). Throughout September and October the amplitude of P p peaking at noon did not change further. During September and October night P p values were also recorded which were much lower than in the preceding months (exclusively May). These findings can be taken as evidence that full turgescence had never been reached during the time between mid June and the end of August. The changes of P p peaking and of the P p night values were most likely related with changes in ET o ( Fig. 3M-P) , suggesting that ET o is mainly responsible for the development of mild water stress in trees that were well supplied with water throughout the irrigation season. Some interesting changes of the P p curves from the control trees occurred between DOY 186 and 195 (Fig. 3B ). On these days the atmospheric demand was unusually high (Fig. 3N ). As shown in Fig. 3B a second large P p peak, i.e. a pronounced turgor pressure loss, occurred around 18:00 after the first peaking at noon. In the light of the laboratory experiments of Ehrenberger et al. (unpublished results) on olives peaking at late afternoon is expected if turgor pressure drops transiently below ca. 50 kPa (i.e. into a state that closely resembles the half-inversed state II under laboratory conditions). Because of sufficient water supply P c recovers very soon during the night hours resulting in the re-establishment of the turgescent state I. State III, i.e. a complete reversal of the P p curves characterized by minimum P p values at noon and maximum P p values during the night was not observed in the control trees.
Similarly, leaves of the east side of the canopy of the 60RDI trees showed after DOY 189 a second, very rapid P p peaking at late afternoon followed by a further slight P p decrease during the night hours indicating that the leaves were more or less in the transient state II (Fig. 3F) . On DOY 196, when all probes of the 60RDI trees had reached the half-inversed state II the average midday « stem of the 60RDI trees was −1.70 ± 0.16 MPa (Fig. 2B) . By contrast to the control trees, the leaves of these trees exhibited completely inversed diurnal P p curves from DOY 206 onwards. In August the leaves of the 60RDI trees reached state III temporarily for a few days (Fig. 3G) . Irrigation always resulted in the occurrence of the half-inversed P p curves of state II for one day. After the rainfall on DOY 229 (Fig. 1B) the diurnal P p curves of the 60RDI trees remained in the half-inversed state II until DOY 236 (Fig. 3G) . On this day daily irrigation started which resulted in the immediate re-establishment of state I, i.e. P p peaking occurred at noon and minimum P p values were recorded during the night. The average midday « stem of the 60RDI trees was −1.60 ± 0.06 MPa on DOY 238.
The P p curves measured on leaves of the east side of the 30RDI trees entered the half-inversed state II as early as on DOY 178 (Fig. 3I) . On DOY 183 the P p curve of the 30RDI tree shown in Fig. 3 was completely inversed, i.e. had reached the state III. On DOY 196, the average « stem measured in the 30RDI trees was −1.76 ± 0.16 MPa. By contrast to the 60RDI trees, the P p curves of the 30RDI trees were completely inversed during July and August, and irrigation did not re-establish state II of the P p curves (Figs. 3J and K). After the rainy DOY 229 the P p curves still remained in state III. However, the P p increase during the night was larger than in the days before and decreased in the following days. On DOY 261 the P p curves of the 30RDI tree in Fig. 3 became half-inversed (state II; data not shown), likely because of the marked decrease in ET o (Fig. 1A) and the water supplied both by irrigation and rainfall (Fig. 1B) . On DOY 282 the state I was reached for ca. 4 days (Fig. 3L ) presumably due to the rainfall (49.1 mm on DOYs 282 and 283). Afterwards the P p curves showed the typical shape of the turgescent state I until the end of the experimental period. On DOY 273 the average midday « stem of the 30RDI trees was −1.85 ± 0.21 MPa (Fig. 2B) .
P p changes of east-directed versus west-directed leaves
Comparison of the P p data set of the probe clamped on the east side with that recorded on the west side of the well-watered control trees showed that the rate of the P p changes during the morning hours, i.e. the percentage increase of P p per min ( P p / t), was quite different. An example is given in Fig. 4A . Data were recorded on July 25, a day of high atmospheric demand (ET o = 8.2 mm) and high solar global radiation (I o,max = 993 W m −2 ; Fig. 4B ). It is obvious that after sunrise P p increased much faster on the east side than on the west side. On the east side the maximum P p value was reached at ca. 08:00 and remained almost constant until 19:00. By contrast, on the west side the maximum P p value was reached around 15:00 in order to decrease again at 19:00. Inspection of Fig. 4A also shows that P p / t was larger on the east side than on the west side (0.39% min −1 versus 0.19% min −1 ).
Evaluation of the complete P p data sets showed that P p / t was quite high and practically identical for the east-and westprobe (0.66 ± 0.04% min −1 and 0.65 ± 0.04% min −1 , respectively; n = 24) at the beginning of the measurements in May. Towards mid June, P p / t decreased continuously and assumed more or less a plateau value in the following months (Fig. 4C) . From the beginning of July onwards the average P p / t value was significantly larger on the east side than on the west side. The time constant ( ) of the turgor pressure recovery phase in the afternoon was practically not affected during the entire season on the east side, but showed large variations on the west side (see Table 1 ). Generally, the average values on the west side were larger than on the east side. Only in July, turgor pressure recovery was extremely fast on the west side (see Table 1 ). On July 25 assumed a value of 121 min on the east, but only a value of 66 min on the west side (Fig. 4A) . Note that the increase of Pp during the morning hours was quite fast on the east side compared to the west side ( Pp/ teast = 0.39% min −1 and Pp/ twest = 0.19% min −1 ). By contrast, the turgor pressure recovery phase during the afternoon was much slower on the east side than on the west side (time constant : 121 min versus 66 min). DOY = day of year.
Table 1
Variation of the time constant of the turgor pressure recovery phase (min) * of east-and west-directed leaves of the control and RDI trees over the entire season (average values ± SE of at least 3 probe recordings in each case). Since the leaves of the RDI trees were in state II or in state III during the summer time, only the values of the turgor pressure recovery process were evaluated. Table 1 shows that the values of the RDI trees were generally larger than the corresponding values of the control trees during the summer months. A significant increase of the values upon entering state III was observed in the case of the 30RDI trees both on the east and the west side. By contrast, the values of the 60RDI trees remained constant on the west side and showed even at first a decrease during July before increasing again (Table 1) . Generally, RDI trees showed greater water stress symptoms on the east side than on the west side (data not shown). An example for a 60RDI tree is given in Fig. 5 . State Irelated P p curves were recorded on leaves of the west side on DOY 244 after the large water stress during the mid-summer period, whereas state III-related P p curves were still measured on the east side.
Leaves of the control tree showed sometimes oscillations of the P p values (i.e. of turgor pressure) during daytime throughout the experimental period (data not shown). Oscillations were particularly observed on windy days. RDI trees exhibited only oscillations on irrigation days during July and August. In most cases oscillations were larger on the west side than on the east side of the canopy. The average duration of P p oscillations was 14.8 ± 0.85 min for the control trees, 18.3 ± 0.82 min for the 60RDI trees and 17.4 ± 0.99 min for 30RDI trees (n = 24). Since the P p signals were transmitted only every 5 min (see above) values may be slightly different in reality.
3.4. Relationship between P p and P b Fig. 6 represents diurnal changes of the output patch pressure (P p ) values and balancing pressure (P b ) values recorded in parallel on June 23 and 24 as well as on September 9 by using the LPCP probe and the pressure chamber technique. The scatter of the P b data of the control and RDI trees was sometimes quite high (particularly around noon). This is not surprising because the P b values reflect variations between different leaves, while the P p values reflect variations within the same leaf. Nevertheless, it is clear from Fig. 6 that the trend of the P b changes with progressing day was comparable with that measured for P p . Plot of the P p values versus the P b values (measured under the various irrigation treatment conditions) supports the view that there exists a linear dependency between both parameters despite the somewhat low values of the coefficient of determination which, for the P p versus P b plots for the control and 30RDI trees depicted in Fig. 7 , ranged between 0.69 and 0.92. This can be traced back to the high sampling variability and to the sampling site (following the path of the sun). In the control trees (Fig. 7A) , the slope of the regression lines between the P p versus the P b values of the June and the September measurements was similar. The same was observed for the 30RDI trees. In these trees, however, the P b values shifted in September to much lower values (Fig. 7B) .
Discussion
Effects of the water treatment on the P p dynamics
Calibration of the LPCP probe against the cell turgor pressure probe was made with olive leaves in a P c range between ca. 50 kPa and 550 kPa by Ehrenberger et al. (unpublished results) . Towards lower P c values measurements were not possible because of accumulation of large amounts of air in the leaves. As demonstrated by Ehrenberger et al. (unpublished results) , the P p values measured on olive trees are inversely coupled to the turgor pressure P c as predicted by theory (Zimmermann et al., 2008) . The fast responses of the output pressure P p measured by the LPCP probes on olive trees reflect, therefore, unambiguously changes in leaf turgor pressure.
The results reported here proved that minimal changes of the plant water status caused by changes in the weather variables or soil water content can be monitored by the probes. Most importantly, effects of both sources of variation on P c could clearly be separated from each other as shown by the various irrigation treatments (e.g. compare the diurnal P p profiles and turgor pressure recovery values of the control trees with the corresponding values of the RDI trees; Fig. 3 and Table 1 ). Furthermore, the results demonstrate that olive trees in a hedgerow orchard respond to relatively mild water stress similarly as other plant species under field and laboratory conditions (Westhoff et al., 2009; Zimmermann et al., 2010; Ben-Gal et al., 2010) . The peak P p values at noon increased with ongoing water stress (Fig. 3) . Somewhat delayed, an increase of the night P p values is also observed, indicating that the increasing turgor pressure loss during the day is accompanied by an insufficient recovery of tugor pressure P c at night. Probes clamped on young and old leaves, as well as on sun-exposed and shaded leaves, responded differently during the day because of differences in water supply and microclimate, respectively. However, towards evening, i.e. during the recovery phase of turgor pressure, comparable P p values were measured in the various leaves. This indicates that the branches were hydraulically connected with each other (see also the similar finding of Westhoff et al., 2009, on grapevines) .
Severe water stress as exerted on the RDI olive trees resulted in a phenomenon that was not observed on grapevines, banana and grapefruit plants. After passing a transition state (termed state II =I half-inversed) the P p curves of olive leaves exhibited inversed diurnal changes (termed state III = inversed). P p peaking occurred during the night and minimum P p values were recorded at noon. As shown by Ehrenberger et al. (unpublished results) at very low P c values the pressure losses induced by the compressibility of the large air spaces dominates the pressure transfer through the leaf; when state III is reached P p becomes a linear function of the attenuation factor F a , which describes the fraction of the external clamp pressure which arrives at the cellular level because of pressure . Measurements were performed before (A and B) and after (C and D) the summer months during which the highest atmospheric demands were recorded (Fig. 1A) and reduced irrigation amounts were applied to the RDI treatments (Fig. 1B) . The shaded areas indicate nocturnal hours.
losses due to compression of air-filled spaces and structural elements. At P c 50 kPa, F a is no longer constant as in the turgescent state I. At noon when transpiration and, therefore, the amounts of air in the leaves are high, F a assumes a very low value and hence P p is low. During the night F a is increasing because air is displaced by some water uptake through the roots or by water shifting between the tissues of the tree in which water is stored. Extension of the air spaces is also reduced due to the decrease in temperature. Thus, P c and, in turn, P p increases. By contrast to state I, an increase of the P p values measured under state III conditions is correlated with a built up of turgor pressure.
LPCP probe measurements on potted olives under laboratory conditions (Ehrenberger et al., unpublished results) and on olives grown in lysimeters (Ben-Gal et al., 2010) have shown qualitatively similar changes in the P c curves upon approaching low turgor pressure values (<ca. 50 kPa). Comparison of the P p curves recorded on the potted olive trees and lysimeter-olive trees with corresponding P p curves measured on our orchard olives shows that the diurnal P p changes of leaves being in state I and III are similar (provided that the different environmental parameters, such as light irradiance, temperature and relative humidity, are taken into account). However, state II was different. The duration of state II of the leaves of the lysimeter trees was rather short. Desiccation of the soil occurred very fast because of the confined soil volume. The transition from state I to state III was straightforward and took at a maximum 2 days. Our data show that, under field conditions, the transition from the turgescent state I into state II started with a second, very rapid P p peaking at late afternoon followed by a further decrease of P p during the night (Fig. 3) . During the following days halfinversed curves of various shapes were observed. The dynamics of the diurnal P p profiles in state II was evidently dictated by soil water availability which depended mainly on irrigation management. The fact that the leaves of the 30RDI trees reached the turgescent state I again at the beginning of October (DOY 282), despite of having been in state III during July and August, probes that the severe water stress had no harmful effects on the hydraulic system of the trees.
The east side of the canopy being generally more stressed than the west side (Figs. 4 and 5 ) can be explained, at least in part, by the fact that maximum values of stomatal conductance (g s,max ) of olive leaves are recorded in the early morning hours (at about 10:00 GMT; Fernández et al., 1997) when the east part of the canopy receives more radiation than the west part. This leads to a greater dehydration in the east part of the canopy than in the west part for a few hours after dawn. Accordingly, it was found that the rate of the P p changes during the morning hours ( P p / t, Fig. 4C ) was generally much faster on the east side than on the west side during the summer months. The pronounced appearance of water stress symptoms on the east side was also previously found for grapevine and avocado trees (Rüger et al., 2010a,b) . Evaluation of the time constants ( ) of the turgor pressure recovery phase also gave some insight into the dynamics of water supply of the trees under the highly variable field conditions. As outlined by Ehrenberger et al. (unpublished results) , turgor pressure recovery is correlated with a decrease of the P p values during the afternoon when the leaves are in the turgescent state I, but it is correlated with the P p increase during the night when the leaves are in the inversed state III. The increase of the values upon entering the state III was not as clear as under laboratory conditions (Ehrenberger et al., unpublished results) . Only in the case of the 30RDI trees, the values were larger in the inverted state III than in state I and also much larger than those of the control and 60RDI trees ( Table 1) .
The probes did not cause any lesions to the leaves. After five months the adaxial sides of the clamped patches were somewhat less green than the surrounding tissue. Brightening of the probe area was also reported for other species provided that the probes were clamped for months. This results from a slight decrease in chlorophyll content (Westhoff et al., 2009; Zimmermann et al., 2010) . No visual symptoms could be detected on the abaxial side of the leaf patch. Reason for this is presumably that this side of olive leaves is fully covered by peltate scales which mask any possible change in colour underneath. Oscillations in the P p signals had been reported for grapevine and banana plants and had been attributed to stomatal oscillations (Westhoff et al., 2009; Zimmermann et al., 2010) , a phenomenon observed in many species (see e.g. Dzikiti et al., 2007) . Zimmermann et al. (2010) gave evidence that for the occurrence of oscillations the plants must be well hydrated. This agrees with the fact that P p oscillations were more often recorded on leaves of the control plants than on the leaves of the waterstressed RDI trees. Zimmermann et al. (2010) also showed a strong correlation between the frequency (and amplitude) of P p oscillations and the wind speed. An increase in wind speed obviously reduces the boundary layer on the leaves and, in turn, increases temporarily local transpiration causing a reduction of turgor pressure. The periods of P p oscillations measured on grapevine and banana plants lasted for approximately 17 min, which agree well with our findings for olive leaves.
LPCP probe versus pressure chamber readings
The fact that P p measurements in the control trees revealed that the leaves were in the turgescent state I most of the time (except between DOY 186 and DOY 195, i.e. days of very high temperature and low relative humidity) agrees with the low values of water stress shown by the « pd and « stem measurements made in those trees. Changes in the P p curves showed that the turgor pressure during the night and the turgor pressure loss at noon were quite variable over the season because of the variable weather conditions. This detailed information on the dynamics of the daily water supply of the leaves was insufficiently reflected in the spot « pd and « stem measurements shown in Fig. 2 , as expected. For the 60RDI trees, the P p measurements indicated that the onset of the decrease of the « pd and « stem values from mid July was correlated with the halfinversed state II. The minimum values were correlated with the inversed state III (turgor pressure close to zero). For the 30RDI trees the P p measurements showed that the leaves of these trees were already in the half-inversed state on DOY 178, when « stem began to decrease. The inversed state III was entered as early as on DOY 183 which is consistent with the minimum « pd and « stem values registered around DOY 220. Comparison of the data suggests that « pd and « stem values of ca. −0.5 MPa and ca. −1.7 MPa, respectively, are the threshold values for the olive trees. Below these values, turgor pressure P c is very low and compression of air-filled spaces becomes the dominant factor as mentioned above.
These findings suggest that the balancing pressure value measured by the pressure chamber and set numerically equal to the water potential « is correlated with the output patch pressure P p . As for other plant species (Rüger et al., 2010a) , this assumption could be verified here for olive trees (Fig. 6) . Our results show that the diurnal changes of the P b values coincided with the diurnal changes in the P p values, if the limited accuracy of the spot measurements of the balancing pressure values is taken into account. This applied both to the measurements performed at the end of June and beginning of September. Plots of P p versus P b yielded a linear correlation over the entire P b range (Fig. 7) regardless of the time of the year in which the measurements were performed. The slope of the regression lines at the measuring days in June and September was similar for both the control (Fig. 7A ) and the RDI trees (Fig. 7B) , even though the P b values were significantly lower in September than in June. In particular, in the case of the 30RDI trees, the decrease of the P b values was quite dramatic in September compared to June (Fig. 7B) . These results are interesting because the leaves of the control trees were in the turgescent state I in June and September, whereas the leaves of the 30RDI trees were in state III. Even though we cannot completely exclude effects of the unbalanced cell osmotic pressure on P b, in the light of the considerations outlined above we are driven to the conclusion that the pressure chamber measures -like the LPCP probe -most likely relative changes in turgor pressure down to ca. 50 kPa. However, at turgor pressures below this value, pressure losses by compression of the large airfilled spaces become the dominant factor (i.e. the attenuation factor F a is the relevant parameter at these low P c values which determines the P b values). This suggests that the parameters P b , « pd and « stem reflect relative turgor pressure values or relative xylem pressure values ( « = P c − , being the osmotic pressure; see e.g. Boyer, 1967; Koch et al., 2004) and not absolute negative values of xylem pressure or absolute values of leaf water potential, as criticized by Zimmermann et al. (2004 Zimmermann et al. ( , 2007 and Rüger et al. (2010a) .
The finding of a linear relationship between P b and P p over a large range of turgor pressure values is still quite surprising. In the case of the LPCP probe external pressure is applied to a "closed" system, i.e. to a leaf patch being in hydraulic contact to the surrounding tissue of an intact leaf. The external pressure is kept constant. Therefore, the LPCP probe measures the pressure transfer function of the leaf (Zimmermann et al., 2008) . By contrast, in case of the pressure chamber, increasing external pressure is applied to an "open" system consisting of an entire excised leaf. Thus, P b values must be per se much higher than P p values, because large leaf areas are compressed and excessive pressure is needed for water shifting between the leaf compartments to the cut end of the leaf.
A possible explanation for the finding that the pressure chamber measures the same relative parameter as the LPCP probe is that with decreasing turgor pressure and increasing compression, the density of the "capillary network" of the tissue increases which, in turn, leads correspondingly to a proportional increase of the pressure required to shift the water to the cut end of the leaf according to the Hagen-Poiseuille law. Proof for this assumption has been given by NMR imaging experiments on Epipremnumaureum, which have demonstrated that there is a linear relationship between the magnitude of the gas pressure in the bomb and the amount of water which shifted throughout a leaf (see review article of Zimmermann et al., 2004) . The assumption is also consistent with the finding of Balling and Zimmermann (1990) using the xylem pressure probe that pressure transfer through the leaf tissue to the xylem only occurs upon compression of the air-filled spaces and subsequent establishment of a hydraulic continuum through the leaf.
Our results might also be explained from a more conventional point of view based on the Cohesion-Tension theory (Holbrook and Zwieniecki, 2005; Tyree and Zimmerman, 2002) . Linear correlation between P b and P p values can be expected since changes either in volume or relative water content of leaf cells affect both « and P c . In fact, above the plasmolysis point most of the change in « is due mostly to a change in P c rather than in (Jones, 1992) . Therefore, and because P p is highly related to P c as Westhoff et al. (2009) in grapevine, and Ehrenberger et al. (unpublished results) in olive demonstrated, it is not surprising to find a high correlation between P b and P p , as that shown in Fig. 7 . The shift of P b to much lower values observed in September could be explained by the acclimation to drought occurring in most species of Mediterranean climate during summer (Galmes et al., 2007; Serrano et al., 2005) . Thus, both active osmotic adjustment and increase in the bulk modulus of elasticity have been reported for olive under water stress conditions (Dichio et al., 2003 (Dichio et al., , 2005 . Behind this response to water stress is the need of the plant to maintain high turgor pressure values, while its water potential decreases to allow for water uptake from the drying soil. The theoretical consequence of this seasonal adjustment would be the mentioned shift in the P p versus P b relationship. The reason for the relationship keeping the same slope is that most of the changes in « are due to changes in P c .
The above considerations are interesting from a scientific viewpoint because they provide useful information for the ongoing debate about the magnitude of negative pressures that can exist in the xylem and are involved in long-distance water ascent. The above results suggest that the values of the xylem pressure in various plant species and trees may be much less than the values discussed in the literature on the basis of pressure chamber experiments. From a practical standpoint the use of « or P b values is still reasonable if these values are used as an indicator for setting of thresholds for irrigation. Equally P p, which is also a relative parameter like « , can be used for the selection of thresholds for irrigation.
The pressure probe measurements reported here and elsewhere (Rüger et al., 2010a) have shown that the LPCP technology can reveal the impact of imposed water regimes on the plant water status. The results of the field studies reported here demonstrate that the LPCP probes together with the telemetric data transfer system meet most of the requirements of a suitable indicator for monitoring plant water stress in commercial orchards, detailed by Goldhamer and Fereres (2004) and Naor (2006) , among others. In the future, field experiments are certainly required in which irrigation scheduling is optimised by monitoring of the diurnal changes of the P p values to the end that maximum profit, yield and quality with minimum water consumption are achieved.
Conclusions
The LPCP probe together with the tailored telemetry system for data transfer to an internet server is a user-friendly, robust and high precision technology, which is able to monitor plant water supply continuously under field conditions, even over long irrigation seasons. The probe measures relative changes in turgor pressure which are inversely coupled to the turgor pressure. This information is available in real-time and is, therefore, of benefit for irrigation of commercial hedgerow olive tree orchards where an efficient control of water stress is required for application of RDI strategies. There are three promising indicators for the detection of relatively mild water stress of olive trees: firstly, the increase of the P p peak values at noon, secondly, the increase of the recovery time of turgor pressure during the afternoon and finally the increase of the P p night values. All of them are measured during increasing water stress after withholding irrigation.
Indicator for severe water stress is the gradual and subsequently complete reversal of the diurnal changes of the P p values denoted by P p peaking during the night and minimum P p values at noon. Theory shows (Ehrenberger et al., unpublished data) that this results from an unfavourable ratio of water to air within the leaves. The transition from the turgescent state into the half-inversed state occurred at a midday « stem of ca. −1.70 MPa. Apart from a few exceptions half-inversed P p curves were recorded on leaves of the 60RDI trees during the summer time. By contrast, diurnal P p curves of 30RDI trees were completely inversed during that time of the year. The changes in the diurnal P p curves induced by water stress were completely reversible upon irrigation or rainfall. Probe measurements also demonstrated that leaves on the east side were more stressed than those on the west side of the trees planted in north-south direction. For an early detection of water stress it seems, therefore, recommendable to install the LPCP probes on leaves of the east side of the canopy. Furthermore, concomitant measurements of P p values and balancing pressure values P b showed that the LPCP probe is an advantageous alternative to the pressure chamber for monitoring plant water status. Both techniques measure the same parameters. Therefore, the automatic LPCP probe technology has a potential for improving irrigation management and for designing more rational irrigation strategies.
